Greater flamingos in southern Spain foraged in areas distant from a breeding site, spending 4-6 days in foraging areas between successive visits to the colony to feed their chicks. During four years, we took blood samples from chicks to ascertain whether there were interannual variations in several blood parameters, indicative of food quality and feeding frequencies. When the chicks were captured, 20-31% of them had their crops empty, indicating that not all chicks were fed daily. Additional evidence of variations in feeding frequencies was obtained from a principal component analysis (PCA) on plasma chemistry values, which also indicated that there were annual variations in the quality of food received by chicks. The association of cholesterol and glucose with some PC axes indicated that some chicks were experiencing fasting periods. Of all plasma metabolites considered, cholesterol was the best one to predict body condition. Greater flamingo chicks experiencing longer fasting intervals, as suggested by higher plasma levels of cholesterol, were in lower body condition. .
Introduction
Long-term fasting in endotherm vertebrates is characterized by three physiological phases, which are expressed in changes in body mass and in some biochemical plasma parameters (Le Maho et al., 1981; Robin et al., 1987 Robin et al., , 1988 Alonso-Alvarez and Ferrer, 2001 ). During phase I there is a decrease in uric acid levels, but this metabolite increases during phase III as a result of muscle protein catabolism. During phase II stored lipids are used as an energy source. During prolonged fasting, corresponding to phase III, glucose levels drop (Le Maho et al., 1981; Robin et al., 1987) . The duration of each one of these phases varies across species (Hollmén et al., 2001; Alonso-Alvarez et al., 2003) .
In marine birds, breeding adults of some species forage in areas very distant from breeding sites (N 1000 km). Foraging trips of individual adults may last up to 14 days (e.g., Richdale, 1963; Chaurand and Weimerskirch, 1994; Hamer et al., 1997; Weimerskirch, 1998) . These long periods mean that even though adults coordinate visits, chicks have to fast during some days between parental visits to provision them (e.g., Booth et al., 2000) . The adults of some inland nesting colonial waterbirds may forage in areas located 130-400 km from nesting sites (Pyrovetsi, 1989; Rendón-Martos et al., 2000; Amat et al., 2005) . Although foraging ranges in this last case are much shorter than in marine birds, inland nesting colonial waterbirds may still not visit daily their chicks to provision them. Indeed, greater flamingos (Phoenicopterus roseus) breeding in southern Spain spent 4-6 days in foraging areas between visits to the breeding lake to feed their chicks (Amat et al., 2005) . Therefore, if chicks fast during some periods this may be expressed in the blood levels of some metabolites associated with fasting.
Flamingos use shallow wetlands in which variations in water levels are very dynamic (e.g., Rendón-Martos, 1996; Baldassarre and Arengo, 2000) . These variations may occur both within as well as between years, and this may affect food availability. This in turn may affect the quality and/or quantity of food received by chicks, which may translate to differences in body condition of those chicks. Because nutrients may influence blood chemistry, some blood parameters may be used to assess the nutritional condition of individuals (Driver, 1981; Perry et al., 1986; Brown, 1996) . Indeed, some plasma parameters, such as cholesterol, triglycerides, uric acid and total proteins, are frequently used to assess, as an indirect method, the body condition of individuals, as differences in these parameters may be related to changes in body masses and food quality Jenni, 1994, 1996; Dawson and Bortolotti, 1997; Ferrer and Dobado-Berrios, 1998; Ots et al., 1998; Alonso-Alvarez et al., 2002; Villegas et al., 2002; Quillfeldt et al., 2004) . Besides giving information on the nutritional condition, some of these parameters, such as cholesterol, may provide also information on dehydration levels of individuals. It has been shown that dehydration during fasting increases plasma cholesterol (Campbell et al., 1994) . Because young flamingos usually do not disperse from the natal site until late summer, they could suffer from dehydration if intervals between parental visits to the colony to feed them are long and ambient temperatures are high. This could be especially severe in wetlands that dry out during summer before chick dispersal, as in the lake where we conducted our study.
Most blood analyses of flamingos have been carried out on captive birds (Hawkey et al., 1984 (Hawkey et al., , 1985 Puerta et al., 1989; Peinado et al., 1992) , and although there is some information on free ranging birds (Puerta et al., 1992; Mostaghni et al., 2005; Norambuena and Parada, 2005) , this is on limited sample sizes and no control of fasting. The main emphasis of this previous work was to provide reference values with which to assess the health of populations. However, given the characteristics of flamingos' natural history, this information may be of limited use if the sampling process does not encompass multiple environmental conditions. Our paper has three main purposes. First, we wanted to provide evidence on whether greater flamingo chicks fast during the parental provisioning period. We predicted that if flamingo chicks fast, we should be able to detect variations in plasma levels of some metabolites similar to those reported for other birds during fasting, e.g. in uric acid and glucose, as the duration of the fasting period increases (see above). For this purpose we compared plasma metabolite levels of individuals with different crop profiles. The crop profiles may be used to identify those individuals that had been recently fed and those that were fasting (see below). The second purpose of our study was to document possible interannual variations in plasma chemistry values. We speculated that interannual variations in the foraging conditions experienced by adults may be expressed in the plasma chemistry. For this we compared intraspecific variations in plasma chemistry values among years. The third purpose was to assess whether some plasma biochemical parameters may serve to evaluate the body condition of individual chicks, especially in parameters that indicate variations in body mass (e. g., triglycerides) and/or in dehydration level (e.g., cholesterol) of individuals. Therefore for this third purpose we correlated individual plasma metabolite levels against a body condition index derived from body size-corrected body masses. Such data may be important for wetland managers, since it may help to interpret long-term physiological effects of the conditions experienced by chicks during the growing period on the population dynamics of a waterbird that may have an important effect on the functioning of wetlands (Amat et al., 2005; Rodríguez-Pérez and Green, 2006) .
Materials and methods
The study was conducted at Fuente de Piedra lake in southern Spain (36°06′N, 4°45′W). Greater flamingos (P. roseus, Phoenicopteridae) do not breed in this saline lake when water levels are low (Rendón-Martos and Johnson, 1996; Rendón et al., 2001) . Starting in 1986, about 10% of the chicks in the crèche have been captured every year in a single day during a drive for ringing purposes. Body masses and wing, tarsus, and bill lengths have been recorded from ringed chicks. We used tarsus length as an indication of chick size, and estimated body condition as the residuals of an orthogonal regression of log-transformed body masses on log-transformed tarsus lengths (Green, 2001 ). This index of body condition may be related to fitness, as we found a relationship between it and chick survival after fledging (J. A. Amat et al., unpublished) , and also a relationship between such an index and the dispersal capabilities of individual chicks following independence from parental care has been reported (Barbraud et al., 2003) . From flamingo chicks that were ringed in 1998-2001, we collected between 05:00 and 06:00 h (GMT) 1 mL of blood from the brachial or jugular veins in heparinized tubes. Depending on year, the number of samples collected varied 94−125. The tubes were kept at 4 °C until transportation to a field station where the blood samples were centrifuged (5 min at 5000 rpm, corresponding to a relative centrifugal force of 1844.7) to separate the plasma, which was stored in cryovials at − 80 °C until analyses. The separation of plasma was done less than 5 h after the birds were bled. The analyses of all blood parameters considered (Table 1) were carried out in a Merck autoanalyzer, model Vitalab Selectra, using a homogenized aliquot of 20 μL of plasma for each parameter. Samples were diluted five times for analyses of alkaline phosphatase. Because of insufficient plasma in some samples, it was not always possible to determine all parameters in all samples, so sample sizes may vary.
After being fed by their parents, the chicks store the food in their crops, which are sacklike diverticula that when filled protrude outward (Ziswiler and Farner, 1972) . We recorded the crop profiles of chicks, allocating them to one of the four categories: (0) when the crop profile was slightly concave (i.e., empty), (1) when it was slightly convex, (2) when it was convex, and (3) when it was turgid (J. A. Amat et al., unpubl.) . We used the crop profiles as an indication that the chicks were fed the night before the blood samples were collected, since the food is stored in the crops for about 12 h (M. A. Rendón, A. Garrido and J. C. Guerrero, unpublished results).
Because the data were not normally distributed, even after transformations, we used the Kruskal-Wallis one-way analysis of variance (ANOVA) (Siegel and Castellan, 1988 ) to test differences between years, or according to crop profile category, in plasma chemistry values, as well as annual differences in tarsus lengths. We tested whether there were differences among years in plasma chemistry values using non-parametric analysis of covariance (ANCOVA) (Young and Bowman, 1995) , with crop profile as covariate. This ANCOVA is available for R software at http://lib.stat.cmu.edu/R/CRAN. We used a principal component analysis (PCA) to clarify intraspecific variation in plasma chemistry values. We determined the number of interpretable ordination axes and the significance of loadings using the broken-stick criterion (see Peres-Neto et al., 2003) . We used Spearman's rank correlation coefficient (Siegel and Castellan, 1988) to examine relationships between body condition and cholesterol, triglycerides, uric acid, and total The crop profiles were allocated to four categories depending on their shape. Sample sizes are in parentheses.
proteins. We chose these parameters because they are frequently used to assess the body condition of individuals (see above).
Results

Variations in plasma chemistry
There were annual differences in the size of flamingo chicks at ringing. Chicks ringed in 1998 were smaller than in the other years (H = 14.59, df = 3, P = 0.002, Fig. 1 ). The average scores of the crop profiles were also smaller in 1998 than in the other years, although the differences were statistically non-significant (H = 7.08, df = 3, P = 0.069, Fig. 1 ). The percentage of chicks with their crops empty varied annually 20-31%. There were no differences in the size of chicks according to their crop profile categories (for tarsus length: Kruskal-Wallis ANOVA, H = 2.69, df = 3, P = 0.443, Fig. 2 ). However, there were significant differences in body masses according to crop profiles (H = 45.83, df = 3, P b 0.001, Fig. 2) . Differences in the body masses between chicks with crop profiles 0 and 3 indicated that the maximum mass of food received by chicks from their parents was on average 336 g (Fig. 2) .
The concentrations of all plasma parameters analyzed, except cholesterol and alkaline phosphatase, increased with crop profile category ( Table 1) . Because of the effects of fasting on plasma chemistry values of most parameters, in subsequent statistical analyses we controlled for crop profile category. After controlling for the effects of crop profile, we found annual differences in cholesterol, triglycerides, total proteins, alkaline phosphatase, calcium, phosphorus and magnesium ( Table 2 ). The first four principal axes of a principal component analysis on blood chemistry values explained 84.5% of the variance (Table 3 ). The first principal axis (PC1) was positively associated with glucose, triglycerides, uric acid, total proteins, calcium, phosphorus and magnesium (Table 3) . PC2 was positively associated with cholesterol and alkaline phosphatase. PC3 was positively associated with alkaline phosphatase and Table 1 ). Numbers beside dots represent sample sizes. J negatively with cholesterol. PC4 was negatively associated with glucose.
Of the scores of the first four PC axes, those of PC1 (H = 118.78, df = 3, P b 0.001, Fig. 3 ) and PC4 (H = 9.61, df = 3, P = 0.022, Fig. 3) were affected by the crop profile category of chicks, but not those of PC2 (H = 4.75, df = 3, P = 0.191) and PC3 (H = 2.34, df = 3, P = 0.505). There were interannual variations in PC1 when crop profile category was controlled for in a non-parametric ANCOVA (P b 0.001), as well as in PC2 (P b 0.001), but not in PC3 (P = 0.051) nor in PC4 (P = 0.065).
Plasma chemistry and body condition
Because of the effects of fasting on plasma chemistry, we performed separated analyses of data depending on whether the chicks had been fed the night before they were bled (crop profile categories 1-3) or had not been fed (crop profile category 0). For chicks that had not been fed, there were significant relationships between body condition and both cholesterol (r s = − 0.36, n = 103, P b 0.001) and total proteins (r s = 0.47, n = 112, P b 0.001), but not between body condition and both triglycerides (r s = − 0.08, n = 111, P = 0.393) and uric acid (r s = − 0.06, n = 114, P = 0.510). The levels of these metabolites were not affected by chick size (Spearman's rank correlations, all Ps N 0.05), except protein level (r s = 0.19, n = 114, P = 0.038). However, when we excluded chicks sampled in 1998, this last relationship was no longer significant (r s = 0.07, n = 84, P = 0.511).
For chicks that had been fed, there were significant relationships between body condition and cholesterol (r s = − 0.36, n = 297, P b 0.001), total proteins (r s = 0.46, n = 305, P b 0.001), uric acid (r s = 0.40, n = 302, P b 0.001), and triglycerides (r s = 0.34, n = 300, P b 0.001). As for chicks with their crops empty, the levels of these metabolites in chicks that had been fed were not affected by chick size (Spearman's rank correlations, all Ps N 0.05), except in the case of protein level (r s = 0.18, n = 315, P = 0.037). However, when we excluded chicks sampled in 1998, this last relationship was no longer significant (r s = − 0.07, n = 244, P = 0.753). Therefore, the relationship between plasma proteins and tarsus length was due to an effect of year rather than to an effect of chick size per se.
Discussion
Variations in plasma chemistry
Our results provide evidence that greater flamingo chicks experience fasting periods. First, about one third of the chicks had their crops empty at the time of ringing every year. This evidence, however, is not conclusive because it may be that chicks with the crop empty had been fed very early in the night, and when we captured them in the next morning they had emptied their crops. Second, and most important, plasma chemistry indicated that some chicks were fasting when they were bled, as suggested by the results of a PCA on plasma chemistry of chicks. PC1 was mainly affected by chicks that had been fed the night before they were captured, as it mainly correlated with biochemical parameters that show an increase in the plasma after a recent feeding (total proteins, uric acid, and triglycerides), and with ions that are transported with proteins (e.g., calcium) (Robbins 1983) . In fact, PC1 was affected by crop profile category. PC2 was affected by chicks that were likely fasting, as suggested by its positive association with cholesterol and alkaline phosphatase. Variations in blood levels of this enzyme may indicate rapid responses to food availability (see Viñuela and Ferrer, 1997) . The positive association of alkaline phosphatase with PC3 indicates that this PC axis would be associated with differences in skeletal ossification among chicks (Dobado-Berrios and Tilgar et al., 2004) , and not with fasting as in PC2, because the association of PC3 with cholesterol was negative. Alkaline phosphatase is essential for the growth and mineralization of bones. Finally, PC4 was likely affected by chicks in a more advanced state of fasting than those associated with PC2, as suggested by its association with glucose levels. PC4 was affected, as PC1, by crop profile of chicks. The fact that uric acid levels loaded positively on PC1 together with other metabolites that increase after a recent feeding (see above) indicates high protein turnover. Indeed, the digestion of dietary protein is very rapid (Griminger and Scanes, 1986) , suggesting that the high plasma uric acid levels recorded in recently fed flamingo chicks would not be the result of body protein catabolism during fasting periods experienced just before feeding (see Ferrer and Dobado-Berrios, 1998) . Therefore, because uric acid levels did not load positively on any PC axis together with glucose, our results suggest that there was no protein catabolism due to fasting (see Jenni-Eiermann and Jenni, 1994) , likely because most flamingo chicks did not experience severe fasting.
The annual variations in PC1 suggest that chicks received food of different quality in different years, whereas annual variations in PC2 indicate that chicks were not fed with the same frequency every year. This may be due to the fact that the chicks were not of similar age when they were ringed every year. Apparently, some late-born flamingo chicks are deserted by one of their parents before they fledge (Rendón-Martos et al., 2000) , and this may explain why they are fed less frequently (J. A. Amat et al., unpubl.) . Indeed, chicks in 1998 were smaller and had higher levels of cholesterol than chicks in the other years, suggesting that the time elapsing between feedings was longer in 1998 than in the other years (see below).
A comparison of our results with those of previous studies on flamingos is difficult because most previous studies have been conducted in captivity (see Introduction). The study of Puerta et al. (1992) concluded that variations in plasma chemistry of greater flamingos were mainly affected by captivity (i.e., by the type of food supplied, see also Norambuena and Parada, 2005) , rather than by age-related changes. Our results on flamingo chicks suggest that the study of plasma chemistry of species that use habitats that experience a high degree of environmental variability should encompass contrasting conditions. In this way, the effects of temporal variations, and even those of habitat-related social factors (e.g., intraspecific competitive interactions due to variations in density of individuals at foraging sites; see Alonso-Alvarez, 2005) on the nutritional condition of individuals should be more apparent.
Plasma chemistry, body condition and frequency of feedings
Several studies have proposed that some plasma metabolites, such as total proteins and some lipids, may be used to assess the body condition of individuals, as they may give an indication on their physiological state (Jenni-Eiermann and Jenni, 1994; Ots et al., 1998; Williams et al., 1999; Guglielmo et al., 2002; Artacho et al., 2007) . The studies relating plasma triglycerides to body mass changes have reported conflicting results (see Seaman et al., 2005) . These inconsistencies may be due in part to the fact that some of such studies did not correct for the mass of food that birds could have had in their guts when body masses were recorded. As we have shown, there was a positive relationship between plasma triglyceride levels and crop profiles. Thus, although this may indicate a rapid resorptive nutritional state, our results also indicate that the mass of food in the guts of individuals should be controlled for when relating body mass changes to plasma metabolite levels. In fact, for greater flamingo chicks that were fasting (crop profile category 0), there was no relationship between body condition and plasma triglycerides.
We also found that individuals with higher levels of proteins in plasma were in better condition, both for chicks that received a recent feeding and for those that were fasting. Other studies have also found that total proteins in plasma is a conditionrelated variable (Dawson and Bortolotti, 1997; Ots et al., 1998; Totzke et al., 1999 ; but see Quillfeldt et al., 2004) , although as indicated by Dawson and Bortolotti (1997) and Villegas et al. (2002) , the level of proteins in the plasma may be confounded by other factors. Therefore, we concur with Dawson and Bortolotti (1997) and Villegas et al. (2002) in that total proteins should not be considered as a condition index until further work is performed to ascertain how total plasma protein levels vary with body condition when other factors known to affect such levels are controlled for. However, as in cases of malnutrition there is a decrease in total plasma protein levels, this blood parameter may be useful to compare the nutritional status of individuals among localities (Ots et al., 1998) or between years (Hollmén et al., 2001 ; this study).
Cholesterol concentration in plasma was related to body condition independently of whether the flamingo chicks had received a recent feeding or were fasting. Weimerskirch et al. (2000) found that the longer and more variable the duration of fasting intervals, the lower the body condition of chicks. Although in some bird species cholesterol levels may increase after feeding or remain unaffected by starvation (Ferrer and Dobado-Berrios, 1998) , in other species they have been found to increase during fasting (Jeffrey et al., 1985; García-Rodríguez et al., 1987) . In addition, cholesterol concentration has proven useful to reveal trends in body mass changes (Alonso-Alvarez et al., 2002) . All this indicates that plasma concentrations of cholesterol may be affected by environmental conditions experienced by individuals over several days. We obtained crop size scores as a measure of the frequency with which the chicks were fed. It may be that this procedure may hardly be used as a reliable information on parental provisioning rates over the whole period of parental dependence (80−90 days) because the data were obtained during a single day every season. In the case of greater flamingo chicks, there was a negative relationship between average annual plasma cholesterol levels (Table 1) and average annual crop profiles (Fig. 1) , although due to small sample size it was non-significant (r s = − 0.80, n = 4, P = 0.200). This may indicate that the crop profiles of chicks could give an idea of the frequency with which the chicks were being fed every season. High plasma concentrations of cholesterol in fasting individuals may result from dehydration (see Introduction), which may be due to the role of cholesterol in the protection against liposome degradation during dehydration episodes (Samuni et al., 2000) .
